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ABSTRACT 
This work focuses on exploiting the effects of laser shock peening (LSP) to control the wetting 
characteristics of bio-material surfaces integrated with surface characteristics such as surface energy, 
macro and nano-topography. In particular, the effects of laser energy and beam footprint overlap of 
LSP were explored on Ti-6Al-7Nb alloy, quantified by using the measurement of dynamic contact 
angle, followed by determination of the surface-free energy and the work of adhesion. Surface 
modification by LSP was conducted at laser energy of 3J, 5J, 7J, & overlap of 33%, 50%, 67% at 3mm 
laser spot diameter. An i cremental hole drilling method was employed for ear to surface residual 
stress measurement. The results showed that compressive residual stress of between -42MPa to -516
MPa were formed on the sub-surface of LSPned Ti-6Al-7Nb. The results showed that surface 
roughness, surface-free energy and work of adhesion were proportional to laser energy, contact angle, 
however, was found to be inversely proportional to laser energy at consistent overlap. Additionally, 
surface-free energy and work of adhesion are proportional to overlap, but surface roughness and contact 
angle have a negative correlation with overlap. The correlation between laser energy and contact angle 
can be explained by Wenzel’s theory while the relationship between overlap and contact angle is 
described by Cassie-Baxter model. This investigation on effects of LSP on the wetting characteristics 
not only addresses the required parameters for cell response on LSP modified titanium alloys, but also 
identifies that a metallic material strengthening process such as laser shock peening can also modify the 
wettability of a solid metallic surface as well as benefit the mechanical properties of metallic implants. 
Keywords: Ti-6Al-7Nb; Laser Shock Peening; Wettability; Surface Roughness; Contact angle; 
Surface-free energy; work of adhesion; 
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1. Introduction 
Ti-6Al-7Nb titanium alloy has been widely employed in clinical application due to its excellent 
biocompatible and outstanding mechanical properties [1-3]. However, due to variety reasons such as 
aseptic loosen [4], fracture [5], wear and corrosion [6], the implants could fail inside human body after
the first clinical surgery, resulting in another replacement surgery which is highly risks and money
costly. To avoid or delay the need for a secondary surgery, it is necessary to prolong the service life of
implants which not only requires improved mechanical properties, but also the biocompatibility of 
titanium alloy. After implantation, titanium and its alloys initially react with the host tissue that the 
reaction determines the healing speed or long-term performance of the implants. This performance 
depends on the physicochemical parameters of implant surfaces including surface free energy, 
wettability, and surface roughness. These surface properties, especially wetting characteristics, have a 
great influence on the cell/protein adhesion, growth, proliferations and differentiations after being 
inserted into the human body in the early stage. Therefore, it is crucial to acquire a suitable surface 
wettability for the success of a clinical implantation. And these wetting characteristics are mainly 
determined by the material itself. But, by means of surface modification methods, the surface wettability 
could be changed within some extend range, even from hydrophilic to super-hydrophobic [7-9]. For
example, Balaur et al [10-11] showed that self-organized nanotubular oxide layers lead to
surperhydrophilics surfaces by changing nanotube diameters. In terms of medical implants biomaterial, 
Gentelmen [12] and Groth [13] reported that 60º-70º contact angle of material surfaces benefits cell the
integration of cell/implants and 65º contact angle is thought to be an ideal levels of cell attachment and 
spreading. 
Silva et al [14] found that roughening surfaces could introduce physico-chemical changes thereby 
affecting the surface free energy and wettability. A comparative high surface roughness may lead to the
increase of local surface stress concentrations. Therefore, acquiring biocompatible surface topography 
is important as a modification method with respect to attaining optimum bio-metallic interfacial 
properties.
Laser shock peening (LSP), as an effective surface improvement method for metal, has been
continuously been applied in aerospace industry for over 60 years since it was firstly invented [15-16]in
1950s. It has been successfully applied in improving the metallic characteristics such as wear-resistance, 
corrosion resistance and fatigue life [17-20]. In recent years, researchers have started to seek a new
application for LSP namely the medical industry. Mannava et al. [21] applied LSP on the spinal implant 
rod to increase fatigue strength in order to decrease the back pain of end user. Caralapatti et al. [22] and 
Guo et al. [23] found that the corrosion resistance of biodegradable magnesium and magnesium-calc ium 
alloys could be enhanced by LSP. Additionally, the fatigue performance of Mg-Ca alloy subject to LSP 
was also improved, as observed by Sealy et al [24]. Zhang et al [25] also demonstrated the tensile and 
3
fatigue strength of AZ31B magnesium alloy was significantly increased via LSP. Furthermore, in the
previous work [26], the mechanical properties such as wear resistance of Ti-6Al-7Nb alloy used for hip 
replacement were improved by repeated laser shock peening.
More recently, most research on medical metals (magnesium and titanium) subject to LSP are focusing 
on the improvement of mechanical properties. However, in terms of the effects of LSP parameters (laser 
energy and overlap) on wettability of titanium alloy, the research is still unknown and unreported. As 
the metallic manufactured implants would integrate with cells/proteins in vivo, the surface wettability 
of laser shock peened (LSPned) metals must be also evaluated. On account of this, the effect of two 
LSP parameters (laser energy and overlap) on the wettability characteristics of Ti-6Al-7Nb titanium 
alloy are investigated for the first-time. In addition, results correlate and integrate with studies of 
topography, microstructure and determination of the surface-free energy and work of adhesion of 
orthopaedic titanium samples subject to LSP. This work will develop optimum LSP processing 
parameters for acquiring a suitable surface wetting characteristics which will be seen as a fundamental 
factor of further cell adhesions. 
2. Material and methods 
2.1 Material characterization methods 
2.1.1 Ti-6Al-7Nb alloy and sample preparation forSEM 
The experimental material was a titanium alloy (Ti-6Al-7Nb) made with standard specification ASTM 
1295 rod bar, that was made by Aircraftmaterials co., Ltd, Stokenchurch, UK. The chemical 
composition of the material was Nb 6.5-7.5(wt%), Al 5.5 - 6.6 (wt%), Ta <0.5 (wt%), Fe <0.25 (wt%), 
O <0.2 (wt%), C <0.08 (wt%), N <0.05 (wt%), H <0.009(wt%), and Ti Bal (wt%). The as-received 
samples with diameter of 25.4mm (1 inch) bar (see Figure 1(a)) were cut into small disks with thickness 
of 3mm. They were then polished from 120 grid to 1200 grid using SiC papers. In terms of etching 
method, after polishing, 3 samples as the untreated group were taken directly into distilled water with 
ultrasonic cleaning for 5 minutes. Thereafter, they were immersed in 100 ml beaker in 20ml 
concentrated Kroll̀ s reagent for 20s in the fume hood. The LSPned samples, it is the same way to etch 
LSPned samples. Microstructural analysis was performed with a Scanning Electron Microscope ((SEM)
Sigma 500Vp. Zeiss SMT AG; Germany) at the accelerated voltage of 5KV with SE2 signal. 
2.1.2 Residual stress measurement by Incremental hole drilling and 3D profiling evaluation 
The cross-section residual stress measurements were carried out by using an incremental hole drilling 
method with a system designed by Stress measurement, UK. The strain relaxation was measured by a 
standard three-gauge rosette (90º×2, 45 º×1) manufactured by VPG Ltd, US. The diameter dimension 
of the drilled hole was around 2mm, and the depth is about 1mm. Strain relaxation was recorded with 
4
14 increments (initially 4 increments of 32μm, then 4 increments of 64μm, finally 8 increments of 
128μm). All increments data, Young`s modulus of 105GPa and Poisson’s ration of 0.36 were interpreted
and calculated by Stresscraft RS INT software for the residual stress measurements.
A 3-D Profiling station motion system (Contour GT-K, Bruker, Germany.) was employed to measure 
surface topography of Ti-6Al-7Nb alloy. The mapping was carried with x5 lens at x2 magnification. 
Scanning strategy starts from the left corner on the LSPned surfaces then taking zigzags routine for 
2acquiring finally a rectangle map with the size of 10 × 10 mm .
2.2 Laser shock peening parameters 
The LSP experiments were conducted by a Q-Switched Nd:YAG laser, using a wavelength of 1064 nm
and 20 ns pulse width. As laser energy and spot overlapping are two main parameters in LSP, they are 
selected as variables in this work. The pulse energy was tested at 3J, 5J&7J and at each level energy, 
spot overlapping was 33%, 50%, 67%. The experimental and theoretical LSPned samples images are
shown in Figure 1. The laser spot size was 3 mm. Thus, the power densities were 2.13 Gw/cm2, 3.54 
Gw/cm2, 4.95Gw/cm2. The radiance density (laser beam brightness) parameter as determined using our 
previous method [27-29] equated to 0.46, 0.77 and 1.09 (W. Cm2.Sr.μm) respectively as detailed in 
Table.1. The water layer was used as the confinement layer, while absorbtive layer was polyvinyl black 
tape. Figure 1 (a) presents a schematic diagram of LSP, (b) as-received Ti-6Al-7Nb rod bar and (c), a
the schematic of LSP strategy process 
Table LSP parameters employed for the surface treatment of Ti-6Al-7Nb.
Parameters Value
Pulse energy (J) 3, 5, 7, 
Laser wavelength (nm) 1064
Spot diameter (mm) 3
Number of laser impacts 1
Overlapping rate (%) 33%,50%,67% 
Pulse duration (ns) 20
Radiance Density 
(W.mm2.Sr.μm) 
0.46 @ 3J 
0.77 @ 5J 






Figure 1. A 3-D schematic diagram of Laser Shock Peening process in (a); the as-received titanium 
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2.3 Analysis of Wettability 
The wetting circumstance is normally characterized by Contact Angle (CA) which describes the surface 
tension at the interface amongst the three-phase (liquid/gas/solid) system, as shown in Figure 2. This 
interaction can be described by using the Young`s equation 
……………...……………………………………………………………… (1)
Where is a single-valued equilibrium contact angle; , , are the solid/gas, solid/liqu id, 
liquid/ gas interfacial tensions. 
However, the Young`s equation can only be applied under the assumption that the surface is 
homogenous, physically and chemically inert to the liquid. Whereas, in real surfaces, due to the surface 
roughness, there is more than one equilibrium contact angle on the surface. Therefore, in terms of real 
surfaces which have asperities greater than 0.5 μm, the dynamic contact angle including advancing and 
receding contact angle are employed as the equilibrium contact angle [30].
Figure 2 Surface tension equilibrium balance as described by Young`s equation.
2.3.1 Hysteresis measurement 
Dynamic contact angles are produced in the course of wetting or de-wetting, which represented as 
advancing angle and receding angle separately which results in the contact angle Hysteresis (2) [31].
……………………………………………………………………………………… (2)
Where Ad is advancing contact angle and Re is receding contact angle. The contact angle hysteresis 
H is also defined as arithmetic difference which describes the wetting ability of the surface. 
It should be noted that the advancing angle has been commonly used for calculating the surface 
interfacial tensions as the surface roughness has less influence on the advancing contact angle, 
compared to the receding contact angle [30].
Ad ReH
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In order to acquire the advancing contact angle, the sessile drop goniometric method was used via a
instrument OSCA100developed by Data Physics co., Ltd, Germany. The measurement was taken
automatically, by filming in the course of wetting (advance angle) from de-wetting (receding angle) at
the room temperature (22±2℃). The needle-in method was employed for dynamic contact angle data. 
At first, a liquid droplet of 0.5μl was dosed onto the surface by syringe pump. Then, 10μl of liquid with 
the inserting velocity of 0.5μl/s was continuously pumped onto the surface, expanding the volume of 
the original drop for a period of 20s. After that, the drop would remain stable as the syringe stops 
pumping in liquid for 10s. By the end, all liquid would revert back into the syringe with the same 
velocity. During whole procedure, the images were recorded (for subsequent) analysis by a Software 
(SCA 20) for dynamic contact angle quantification. Typical advancing and receding contact angle data
is shown in the Figure 3. The advancing and receding angle are separately the mean value of the contact 
angle during the wetting and de-wetting course. The schematic images of advancing angle and receding 
angle are shown in Figure 4.





Figure 4: Schematic images showing the advance angle in (a), and the receding angle in (b) 
2.3.4 Surface free energy 
By dropping different test liquids onto the solid surface, the surface-free energy (SFE) of a solid can be 
calculated using several theoretical models such as Fowkes method [32], Owen-Wendt method [33] and 
Van Oss-Chaudhury-Good method [34]. In this work, Owens-Wendt-Rabel-Kaeble (OWRK) model 
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Where SL is the interfacial tension of solid/liquid tension, S is the solid-free energy, 
d
S is the 
dispersive component and pS is the polar component of the solid surface-free energy. 
d
L is 
dispersive aspect of test liquid surface tension and pL is polar part of test liquid surface tension.
Combined with Young`s equation, equation (4) is acquired below: 








The total surface-free energy is consist of the sum of polar components and the 
dispersive components, as shown in the equation (5)
………………………………………………………………………………………. (5)
Therefore, to quantitate the surface-free energy of a solid surface including polar part and dispersive 
part, at least two kinds of test liquid are needed. In this work, distilled water and ethylene glycol were 
employed for calculating the total surface-free energy. The values of surface-free energy, and its 
components for distilled water and ethylene glycol are shown in Table 2.
Table 2 The surface free energy ( ), polar part ( ) and dispersive part ( ) of distilled 
water and ethylene glycol.
Total surface energy mN/m Dispersive part mN/m Polar part mN/m 
Distilled water 72.8 21.8 51
Ethylene glycol 48 29 19
2.3.3 Work of adhesion 
The work of adhesion is defined as the work which is needed to separate the interface from the 
equilibrium state of two phase (liquid/solid) to a separation distance of infinity [36]. The work of 
adhesion is descirbed as Equation (6):
………………………………………………………………………………… (6)
According to OWRK Equation (3), the work of adhesion can also be expressed by Equation (7):
…………………………………………………………………………… (7)
The above equation is based on the known components and parameters of liquid and solid. If not, the 




3.1 3-Dimensional topography and surface roughness 
Many of the previous reports [38-40], suggested that LSP increases the surface roughness with 
increasing laser energy and multiple impacts. In the meanwhile, surface topography and surface 
chemistry determine the wettability of materials. Therefore, studying the effect of LSP on the surface 
roughness is quite necessary. Both 2-D and 3-D topography of LSPned samples were mapped, and the 
cross-sectional profiles along the X and Y directions(as defined in figure 1) were presented in Figure 6.
The average area surface roughness Sa (arithmetic mean of the absolute values of the surface departures 
from the mean plane) and Ra (arithmetical mean roughness value over the entire measured length, the 
cross lines as shown in figure 6 ) as a function of primary LSP parameters laser energy and spot overlap 
are given in Figure 5. Overall, in the longitudinal direction, it can be seen that increasing the laser 
energy will lead to the rise of surface roughness. At the same laser energy level, all three curves decrease 
with increasing spot overlapping rate. In particular, at the laser energy of 3J, the values of both Sa and 
Ra as a function of are nearly the same around 0.5-0.52μm for all overlaps tested. Excluding the lowest 
energy, 5J and 7J curves decline more significantly from 50% to 67% overlap, while in the range of 33% 




Figure 5 The distribution of Sa and Ra with overlap and laser energy.
By changing, LSP parameters such as laser energy, overlap, spot size, surface characteristics such as 
grooves and dimples can be acquired. According to grooves direction, each sample was placed along 
the longitudinal orientation (Y-direction). At the same overlay, the topographies are very similar but 
due to different energy the surface morphology is different. 
As shown in figure 6(Surfa) and listed in table 3, in terms of 33%, due to the 2/3 step movement (33% 
overlap), comparatively large dimples are formed after LSP while grooves are not observed. In the 3J
X profile, the upper asperity is 1μm and the deepest reaches to -1.5 μm, while the values at 5J and 7J 
are 1.8μm /-3μm and 2.1μm/-4μm. And for Y profile, the top is 1μm and bottom is at -1.2μm. while the 
values of 5J and 7J are 2μm/-3μm and 4μm/-4μm. Therefore, it can be concluded that the size of these 
dimples are proportional to laser energy at the 33% overlap. Compared to 33% overlap, a square-grid 
topography was formed on 50% overlap samples subject to LSP due the 1/2 step movement during the 
LSP processing. Additionally, grooves are formed upon the surfaces. In terms of amplitude of the curves,
the highest among these samples is 2μm /-4μm (7J), then followed by 3.8 μm /-2 μm (5J), 1.5 μm /-1
μm (3J) in Y direction, while the sequence in X direction is 4 μm /-4 μm (7J), 3 μm /0 μm (5J) , 1.8 μm 
/-0.2 μm (3J). In the overlap of 67%, due to the smaller step movement (1/3), the width of the groove 
is much smaller than one of 33% (2μm) overlap and 50% (1.54μm) overlap with average distance of 
1μm in X direction while in Y direction the values are 1 μm (7J), 1.54 μm (5J), 2.8 μm (3J). Regarding 
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to the amplitude, in X direction, they are 0.5 μm /-0.5 μm (3J), 2 μm /0 μm (5J), 4 μm /-1 μm (7J); and 
in Y-direction, they are 1 μm /-1 μm (3J), 1 μm /-2 μm (5J), 3.8 μm /0 μm (7J).







3J 1/-1.5 1/-1.2 1.8/-0.2 1.5/-1 0.5/-0.5 1/-1
5J 1.8/-3 2/-3 3/0 3.8/-2 2/0 1/-2














Figure 6 Surface topography images showing Laser Shock Peened Ti-6Al-7Nb samples for 33% @ 3J 
in (a), 33% @ 5J in (b), 33% @ 7J in (c); 50% @ 3J in (d) 50% @ 5J in (e); and 50% @ 7J (f); 67%
@ 3J in (g), 67% @ 5J in (h) and 67% @ 7J in (i).
3.2 Residual Stress-Incremental hole drilling 
Laser shock peening can introduce a stable compressive residual stress layer on the surface of metallic 
materials through high pressure shock-waves. The cross-section residual stress of full LSP parameters 
Ti-6Al-7Nb samples (including as-received), were measured by incremental hole drilling method as 
shown in Figure 7(a) and (b). The distribution of cross-sectional residual stress before and after LSP 
resulted to a stable compressive residual stress layer in both circumferential and axial directions. It can 
be seen that the sub-surface residual stress of the as-received sample was tensile (225MPa) on both 
axial and circumferential directions. However, after LSP, the sub-surface residual stresses are all 
modified into compressive, varying from -42MPa to -516 MPa. In the as-received residual stress curve, 
the line decreased from tensile 200 MPa to 0 MPa at the depth of about 175μm, then maintaining 
steadily at around 0 MPa, along the cross-sections. This tensile residual stress surface layer would be 
definitely harmful to the mechanical performance in terms of fatigue resistance. In terms of laser shock 
peened curves, for all samples on both directions, compressive affecting depths have been formed. 
These depths varied from 420μm (5J @ 33% overlap) to 1000 μm (5J @ 67% overlap). Some depth of 
laser shock peening could even be out of the range of measurement for instance at energy of 7J @ 67% 
overlap (residual stress reaches 0 MPa at a predicted depth of ~1500 μm). The difference in residuals 
stress magnitude occurred because the material deformation including dislocation movements caused 
by various laser energy and overlapping rate and with respect the difference in residuals stress direction 
, it would be quite small because the sample is circular. It is the magnitude of compressive residual 




Figure 7 Cross-sectional distributions of residual stress of Ti-6Al-7Nb before and after LSP: (a) Axial 
direction, (b) Circumferential direction.
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3.3 Microstructure observations and analysis 
Figure 8 shows the SEM microstructure images of Ti-6Al-7Nb titanium alloy treated before and after 
laser shock peening (7J67%). As shown in figure 8(a)(b), it can be observed that Ti-6Al-7Nb titanium 
alloy consisted of globular coarse α-grain, acicular coarse α, and residual lamellar β grain. Increasing 
the magnification to x40K (fig.8(c)), the large globular α grain consisted of small α subgrains. 
Additionally, the grain boundaries of α subgrains are very clear. In order to calculate the average α
subgrain size, the grain intercept method was employed. With that method, in the square of B (fig.8c), the 






Figure 8: SEM images showing the surface and cross-sectional microstructures of the untreated and
LSPned (7J67%) Ti-6Al-7Nb titanium alloy in (a) and (b) (c) at x10000, x20000, x40000 
magnification, and the laser shock peened microstructures along the cross-section in (d), (e) and (f) at 
x10000, x25000 and x45000 magnification, 
After LSP (7J67%), in Figure 8(d)-(f), the cross-section microstructure of Ti-6Al-7Nb titanium alloy is 
presented. In figure (d)-(f), no new phase has been observed post LSP. But, at the maginification of 
45Kx, in the top-most area, the α subgrains appear further refined. By contast, the β-grains did not 
appear to receive any refinement from the laser shock wave from the SEM images. Using the intercept 
grain method, the LSPned average α subgrain size was 169 nm in square A of Figure 8(f) Therefore, by 
comparing the microstructure images of Ti-6Al-7Nb titanium alloy before and after LSP, the refinement 
of α subgrain is calculated to be 48.5%.
3.4 Wetting characterization 
3.4.1 Contact angle and surface free energy 
The dynamic advancing contact angle of Ti-6Al-7Nb alloy before and after LSP wetted with distilled 
water and ethylene glycol is presented in Figure 9 and table 4. For both Figures (9a) and (9b), the contact 
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angle curves are similar. As a base line, the contact angle of untreated samples with two liquids are
separately 54.0 (distilled water) and 41.9(ethylene glycol). In comparison, all LSPned contact angles
are higher than the untreated which correlates favourably with the work of Prabhakaran et al. [41] and
Caralapatti et al. [42]. The highest water contact angle is 79.9°, and the ethylene glycol contact angle is 
58.8, at the LSP condition of 3J@33% spot overlap. Meanwhile, the lowest water contact angle is 64.1°,
and ethylene glycol contact angle is 47.1° which was generated under the LSP condition of 7J@67% 
spot overlap. What is more, observing the two figures from the longitudinal direction, contact angle 
values rise with the increase of laser energy at the same overlap. However, it is also apparent that the





Figure 9 Advancing contact angle on both untreated and laser shock peened specimens for distilled 
water in (a) and ethylene glycol in (b).
Table 4 Advance contact angle for Ti-6Al-7Nb titanium alloy after laser shock peening. 
Distilled water Ethylene glycol 
Overlap 3J 5J 7J 3J 5J 7J
33% 79.84 73.89 68.18 58.8 55 49.7 
50% 74.91 69.71 66.52 55.58 50.99 48.22 
67% 70.01 65.36 64.09 53.04 47.98 47.12
Untreated 53.96 41.87 
Calculated by using ORWK model with two different liquids (distilled water and ethylene glycol), the 
surface-free energy and its components is given in Table 5 and Figure 10.
Table 5 The surface-free energy and its components of Ti-6Al-7Nb post laser shock peening and 
untreated (units: mN/m.).
/( d ): p
Overlap 3J 5J 7J Untreated
27.65 30.44 34.44 
33% 16.49 11.16 13.7 16.74 12.73 21.7 47.68 
29.89 33.34 35.68 
50% Untreated
14.23 15.67 13.13 20.21 12.38 23.3 
32.87 36.55 37.58 6.74:40.94 
67%
11.55 21.32 11.47 25.08 10.99 26.59 
In terms of SFE, the highest value is obtained in untreated specimen with the value of 47.68mN/m. 
Among the LSPned samples, specimen 7J&67% reaches the highest surface energy (37.58 mN/m) while
the lowest is specimen 3J 33% (27.65 mN/m). According to the Wenzel’s theory [43], if the surface 
roughness is increased, the contact angle should be decreased. However, in real application, contact
angle of specimen after LSP increases. This is because the surface free energy of the LSPned specimen 
are decreased due to laser ablation. (Normally, CA is inversely proportional to SFE). In the same overlap 
column, the SFE at 7J specimens are always the highest among their different laser energy, while the 
one of 3J is the lowest. Additionally, at the same laser energy level, SFE has a positive correlation with 
the overlap. What interesting is that the SFE difference among three laser energies become smaller 






Figure 10 The surface free energy (a) , and its components dispersive(b) and polar(c).
Figure 10 (b) and (c) exhibit the distribution of dispersive component and polar component of SFE from 
Ti-6Al-7Nb alloy. It can be seen that the 40.94mN/m out of 47.68mN/m is polar component, and 
dispersive part is 6.74mN/m. The polar part account for 85.78% in the total SFE. However, after LSPned, 
the ratio has been dramatically changed. In Figure 10(c), the polar columns have the similar tendency 
as the total SFE columns(Fig10a) With regard to dispersive component distribution, all dispersive 
component of SFE LSPned samples are higher than that of untreated one. It is evident from Fig 10b 
that the highest value of the dispersive component is attained at the LSP condition 3J_33% overlap; 
Increasing overlaps (@3J) causing a reduction in the dispersive component of SFE. This trend is 
mirrored by samples treated at higher peening energies and overlaps, although the effect of peeing 
energy on the dispersive component reduces with increasing overlap. 
3.4.2 Work of adhesion 
The adhesion work of Ti-6Al-7Nb specimens for wetting liquids (distilled water and ethylene glycol), 
calculated from equation (ORWK), is given in Figure 11 (a) and (b) and Table 6. For both liquids, the 
highest Wa is produced in the untreated specimen (Distilled water:115.63mN/m; Ethylene 
glycol:83.743mN/m). The adhesion work at 7J is higher than others laser peened samples with the same
overlap. With the same laser energy, the adhesion work rises moderately with the increase of overlap 
for both wetting liquids. What is more, when the wetting fluid is distilled water, on the 7J specimens,
the difference is quite small with the value of 4.75º, while the one of 3J specimens is 12.05º. Using 
ethylene glycol, such values are 1.62 º(7J) and 4 º(3J). 
24
Table 6 The work of adhesion of distilled water and ethylene glycol on the LSPned specimens(J/m2).
Distilled water Ethylene glycol 
3J 5J 7J 3J 5J 7J
30% 85.64 93.00 99.86 72.87 75.53 79.05
50% 91.75 98.04 101.81 75.13 78.21 79.98 
67% 97.69 103.15 104.61 76.86 80.13 80.66 
Distilled water Ethylene glycol 
Untreated 115.63 83.74 
(a)
(b)
Figure 11 Work of adhesion of distilled water in (a) and ethylene glycol in (b) onto the LSPned and 
untreated specimen surface.
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4. Discussion 
As mentioned in previously, the wettability of a substrate by a fluid is determined by surface topography 
and surface physic-chemistry properties [44]. In terms of chemical changes, it is common knowledge 
in the field that LSP applied under the conventional conditions (water confinement and black polyvinyl 
ablative layer) will not induce any change in surface chemistry. However, the surface topography and 
surface grain refinement introduced by LSP will naturally affect the wettability of materials. What is 
more, due to titanium`s high affinity for oxygen, a thin oxide layer, mainly consisted of TiO2, Ti2O3,
and TiO, is immediately formed when titanium is exposed to air. The thickness of the film will increase 
with the time according to environmental conditions. With the isolation from the substrate by TiOx, the 
contact angle of wetting liquid is determined by both oxide layer and the refined surface microstructure.
Researches [45, 46] have confirmed that the surface-free energy of an ultrafine surface is higher than 
that of a coarse grain material in titanium alloys with thin a TiOx layer. In previous section 3.3, the 
surface microstructure before and after LSP show that average surface grain is refined from 267nm to
150 nm which is one of source of the evidence of the improvement of the surface-free energy post LSP. 
What is more, surface roughness and surface topography also play a fundamental role in the wetting 
behaviour. As mentioned above, Wenzel introduce a surface roughness factor r into to Young’s equation 
showing in the following equation. 
cos ( ) / cosW SG SL LG Yr r (9)
Where r is the surface roughness factor; the equation describes the mechanism that roughness can
enhance the wetting behaviour of the solid surface. In another case, Cassie-Baxter further considered 
the material surface is randomly consists of n pieces of small materials. Additionally, every piece of 
material is characterized by the factor of surface characteristics, namely, surface tension or surface 
energy i.e. the Cassie-Baxter Equation is expressed as follow:
, , ,cos ( ) / cos
n n
CB i i SV i SL LV i i Yi i
f f …………………………………………….(10)
Where and is the surface energy/tension of each piece material. And is the respective 
material fraction with . It should be noted that in some specific application, both 
regimes can coexist on the same surface. The schematic diagram of Wenzel̀ s model and Cassie-Baxter




Figure 12 The schematic images showing the Wenzel Model in (a), and Cassie-Baxter Model in (b).
In the case of LSPned specimens, obviously, the mechanism is not determined by Wenzel regime, while 
it should be the Cassie-Baxter or the combination model. In Figure 13, the relationship between surface 
roughness and surface-free energy is shown. At the same laser energy level, rougher surface facilitate 
a reduction in SFE. Additionally, compared to 7J specimens, the curve of 3J is steeper, nearly vertical 
to the surface axis. 
Figure 13: The distribution map showing the Surface-Free Energy with average surface 
roughness (Sa).
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To explain why the contact angle of 7J specimen is higher than the ones of 3J and 5J specimens in the 
same overlap, the following statement is presented. With consistent spot overlap and laser energy as a 
variable, the surface morphology remains consistent showed in the 3D and 2D images in section 3.1. In 
particular, the shape of surface characteristics namely grooves and dimples are same. The difference 
among the surface morphologies is the specific topography of the groove and dimple introduced by 
variable laser energy. Compared to an ideal surface, when a liquid drop sits onto such grooves and 
dimples, according to Wenzel, The defects (grooves and dimples) on the surfaces will be filled by the 
wetting liquid. Thus, the volumetric quantity of liquid is lower than same volumetric quantity on top of 
a flat surface. The mechanism presented above can be explained by Wenzel’s model which suggests 
that the higher the surface roughness, the lower contact angles. However, it can be only applied among 
the specimens subject to laser shock peening. 
Furthermore, when the laser energy is kept consistent, with overlap as a variable, the contact angle is 
proportional to overlap (surface roughness). Therefore, in this case, the Wenzel’s model is not suitable 
while Cassie-Baxter model or the combination of both may well be better suited.
5. Conclusions
This work has shown that despite laser shock peening (LSP) widely known as a technique to enhance 
fatigue resistance of metallic materials, the technique could also modify the wettability of solid metallic
surfaces. The other benefit of this process is that it does not introduce new chemical changes to the 
metallic surface with the conventional process set-up as used herein. The specific conclusions can be 
made as follows
1 By different combination of laser energy and overlap applied via LSP, different surface
morphologies can be generated. The surface roughness rises with an increase of laser energy. By 
applying consistent overlapping and laser energy, the surface roughness separately has positive and
negative correlation with surface-free energy;
2 In the sub-surface, the residual stress of as-received sample was tensile 200 MPa. Post LSP,
compressive residual stress of -41MPa to -516 MPa were formed from the various laser energy and
overlaps applied. These compressive residual stresses subsequently decreased with increasing 
depth and at the depths of 600μm to 1000μm, decreased to 0 MPa. At the highest laser energy and
extents of overlap, moderate compressive residual stresses were still present at depths greater than
1000μm;
3 It was observed that an increase in overlap leads to a decrease in contact angle at the same laser
energy level and increasing the laser energy has a negative correlation with contact angle when
applying it at the same overlap. Due to the negative correlation to contact angle, the surface-free
energy, and work of adhesion has an opposite correlation with laser energy and the overlap. It should
be noted that with the increase overlap, the overall dispersive component decreases while the polar
part of surface-free energy increases.
4 In untreated and LSPned specimens, the reduction of surface-free energy is used to address why the
contact angle is improved after LSP. Comparing the contact angle of variable laser energy at the
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same overlap, the main mechanism can be explained by Wenzel’s model. Additionally, the effect of 
overlap at the same laser energy can be explained with the Cassies-Baxter model as the increase
surface roughness leads to an inversely proportional increase in Contact angle.
Overall, LSP is used to reduce the surface-free energy by applying variable laser energy. Furthermore, 
adjusting the ratio of dispersive and polar components can be fulfilled by changing the overlapping 
during the LSP process. 
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